Temperature-dependent magnetic second-harmonic generation (MSHG) at normal incidence (NI) is used to determine magnetization curves from Au-capped ultrathin Fe nanostructures grown on a vicinal W(110) substrate. Aligned magnetic nanostructures grown on low-symmetry interfaces are generally inhomogeneous, with different magnetic species, such as terrace and step atoms, contributing to the overall magnetic response from the interfacial regions. A phenomenological model of NI MSHG intensity and contrast at magnetic interfaces of 1 m symmetry is used to extract the magnetization information. Two characteristic temperatures are identified for both 0.75 and 2.0 monolayers of Fe, and it is proposed that the increased sensitivity of SHG to step atoms, compared to linear optical techniques, allows the contribution of boundary atoms to the spin block response to be directly detected at lower temperatures. The behavior of boundary spins such as these is expected to be important for atomic-scale magnetic structures.
I. INTRODUCTION
Magnetic nanostructures exhibit novel physical phenomena not observed in bulk magnetic systems. 1 The magnetic properties of these low-dimensional systems often depend sensitively on both the morphology and symmetry of the nanostructures and the substrate on which they are grown. 2 Magnetic nanostructures must be protected from the environment if they are to have a technological application, and this is often accomplished by capping the structure with a thin nonmagnetic layer. However, capping these structures with protective layers of nonmagnetic material may modify their magnetic properties, 3, 4 making the characterization of the buried interfacial region of such a capped structure essential to understanding the underlying physics and materials science. Conventional surface techniques are insensitive to buried nanostructures, but a variety of optical techniques, with their larger penetration depth, can provide useful data. Photon-inphoton-out techniques ("epioptics" 5, 6 ), such as optical secondharmonic generation (SHG), which use symmetry to extract the optical response of the interface from the normally dominant bulk response, allow the buried interfacial structure of centrosymmetric materials to be probed through thin capping layers, and magnetic SHG (MSHG) extends this to magnetic interfaces. However, the vast majority of magnetic thin-film systems that have been studied so far are of high surface and interface symmetry, 7 because of the general complexity of the MSHG response and the often poor signal-to-noise ratio (SNR). 8 Lower symmetry systems, which may have multiple magnetic regions, have many tensor components that may contribute to the MSHG intensity, making interpretation particularly difficult. We have shown recently that normal incidence (NI) geometry, which drastically reduces the number of tensor components contributing to the signal, allows useful information to be extracted from the MSHG response of aligned magnetic nanostructures grown on low-symmetry interfaces. 9, 10 Although NI geometry reduces the size of the SH response significantly, reasonable SNRs using unamplified fs pulses were obtained from submonolayer (ML) amounts of Fe deposited on a vicinal W(110) substrate and capped by 16 nm of Au.
MSHG measurements at 80 K of this well-known Fe nanostripe structure grown on W(110), [11] [12] [13] [14] capped with Au, 15, 16 allowed a hysteresis loop from 10-atom-wide Fe nanostripes to be detected. 10 The results for 30-atom-wide Fe nanostripes at 0.75 ML Fe coverage were of particular interest, as two loop components were clearly identified, leading to the suggestion that MSHG can distinguish the magnetic response of the terrace and the boundary (step and edge) Fe atoms in the nanostripes. For the 2 ML bilayer Fe structure, only a single interfacial component and loop could be reliably identified, 10 although close inspection revealed some evidence of a second component.
The smallest magnetic nanostructures are grown on the aligned atomic steps of vicinal substrates, 13, 17 which typically show only 1 m symmetry in the SHG response from the surface or interface, with the single mirror plane orthogonal to the step. 18 This 1 m structure is particularly challenging, having ten allowed crystallographic tensor components that can contribute to the SHG signal, and up to eight additional magnetic tensor components, for an in-plane magnetic easy axis aligned with the 1 m mirror plane. However, normal or near-normal incidence SHG geometry simplifies the nonlinear response from such low-symmetry systems by excluding z-dependent tensor components. The MSHG intensity from a magnetic interface, within the electric dipole approximation, is given by
where χ eff even is the effective third-rank crystallographic susceptibility tensor, E(ω) is the input electric field vector, χ eff odd is the effective fourth-rank axial magnetic susceptibility tensor, and M is the interface magnetization. 19 The combination of NI and the choice of azimuth removes any possible higher-order crystallographic quadrupolar contribution from the substrate or capping layer. SHG is known to be sensitive to strain, 20 and any magnetoelastic effects will appear in the even term. 21, 22 Appropriate Fresnel and local-field factors 23 are included in the effective tensors, as NI geometry reduces these contributions to simple scaling factors. It has been
shown that, through a careful choice of sample alignment with respect to input polarization selection and the direction of applied magnetic field, it is possible to measure an NI MSHG intensity from 1 m magnetic interfaces containing just one contributory crystallographic tensor component (even with respect to reversal of the magnetization direction) and two magnetic (odd) tensor components. 24 It has been demonstrated that, with this geometry, the relative magnitude and relative phase of the even and odd components can be determined. 9 Low-symmetry magnetic interfaces are inhomogeneous, containing two or more regions where the same magnetic species is found with a different number of magnetic and nonmagnetic nearest neighbors. Since the magnetic properties of an interface are known to depend sensitively on nearest-neighbor number and type, 12 a full description of NI MSHG from an inhomogeneous interface must account for the contributions made by components from the different regions. Fine tuning of the input polarization direction enhances the magnetic contribution to the NI SHG signal, resulting in a significant improvement in the SNR of hysteresis loops and magnetic contrast extracted from the measurements. The improved SNR allows the presence of different magnetic regions at the inhomogeneous interface to be identified by changing the input polarization direction, which alters the relative contribution of the tensor components to the overall NI MSHG response. In this paper, temperature-dependent magnetic contrast measurements of the capped Fe nanostripes are combined with loop measurements to provide evidence for two distinct magnetic contributions for 0.75 and 2.0 ML Fe coverages.
II. EXPERIMENT
Preparation of the Au-capped ultrathin Fe films has been described in detail elsewhere. 25 Briefly, pseudomorphic Fe films were grown under ultrahigh-vacuum conditions (base pressure < 4 × 10 −11 mbar) on a clean vicinal W(110) single-crystal substrate, offcut in the [110] (x) direction, which produces atomic steps running in the [001] (y) direction. This offcut was chosen to allow direct comparison with previous work by Elmers and co-workers. [11] [12] [13] [14] [15] [16] The films were formed by deposition at room temperature followed by annealing at 800 K for 3 min. The Fe films were protected from ex situ contamination by a 16-nm-thick, optically isotropic capping layer of Au, deposited at room temperature. The capped samples were placed in an optical cryostat and the MSHG intensity, I y (2ω; ϕ,M X ) (see below), was measured between 80 and 325 K with the applied magnetic field aligned along the easy axis. The 2ω electric-field vector was aligned along the steps, and the input polarization angle ϕ could be varied. A femtosecond laser system was used as the fundamental frequency light source, tuned to 1.5 eV. 10 Calculations predict a strong MSHG response from the Fe films in this spectral region. 26 Unamplified, 130 fs Ti:sapphire laser pulses of an average power of 0.9 W were used, at a repetition rate of 76 MHz. The beam size was 40 μm at the sample and the angle of incidence was 3
• . Transient surface heating at the energy density used is less than 1 K, 27 and no change in the steady-state sample temperature was observed for these metallic samples on exposure to the laser beam.
III. NI MSHG FROM MAGNETIC INTERFACES OF 1 M SYMMETRY
The third-rank even crystallographic tensor components and fourth-rank odd magnetic tensor components in Eq. (1) are expressed using the simplified notation χ ij k = ij k and χ ij kL = ij kL, respectively, where the upper-case subscript L, describing the magnetization direction, is introduced to avoid potential confusion with unrelated quadrupolar susceptibility tensor components. 7 The interface formed by the pseudomorphic deposition of a magnetic species on a vicinal surface, consisting of well-ordered 1 m atomic steps separated by higher-symmetry surface terraces, possesses overall 1 m symmetry. If the surface normal of the interface is in the z direction, the normal to the single mirror plane is in the y direction, and the magnetization is in the x direction, then the dependence of the y-polarized NI MSHG intensity on ϕ, the angle between the input polarization field and the x direction, is given by 10 I y (2ω,ϕ, ± M X ) ∝ |yxy sin 2ϕ ± {yxxX cos 2 ϕ
As well as producing these relatively simple expressions, NI geometry has the advantage of eliminating any isotropic capping layer contribution to the even term, and thus also to the phase difference. If the surface of the capping layer is macroscopically isotropic, as is often the case when no special effort is made to grow an epitaxial capping layer, then NI ensures no contribution to the even terms from the surface of the cap. Based on both theory and experiment, a typical value of |ij kLM L /i j k | is 0. 
where I + refers to H increasing from an initial negative value, and I − refers to H decreasing from an initial positive value,
yiiX , where θ are the complex phase factors of the tensor components, and the sum is over the n components contributing to the response, including cross-terms where n = n . This procedure removes all terms even in the magnetization, in particular the quadratic contribution, the magnetoelastic terms, and the cross-terms in the magnetization from different components. Equation (3) shows explicitly that measuring the y-polarized NI MSHG intensity near ϕ = 0
• or ϕ = 90
• , while limiting the odd contribution effectively to a single tensor component, yxxX or yyyX, respectively, reduces the overall intensity substantially via the leading sin 2ϕ term. However, simulations confirm that such measurements maximize the probability of detecting contributions from different magnetic components. 9, 10 It is also important to note that, in contrast to the magnetic terms, the crystallographic yxy (n) terms can only originate at the steps and edges, as the terrace contribution is forbidden by its 2 mm symmetry.
This much simplified equation can be fitted, for example, using normalized sigmoidal magnetization loops of the form
where s (n) is the softness and H (n) c the coercivity of the nth component. Only the magnetization depends on the applied magnetic field in Eq. (3), with the remaining terms determining the size of the measured response. In the absence of other information, this prevents the strength of the magnetization from being determined, but the softness and coercivity are unaffected by these scaling factors. In addition, the phase difference between the magnetic terms and the crystallographic yxy component can be determined, and also the relative size of the two magnetic terms.
The full expression for the magnetic contrast or asymmetry is more complicated, but some simplification occurs for ϕ close to 0
• and 90
• (and symmetry-related angles):
A ϕ≈
where θ nn yxy = θ n yxy − θ n yxy , etc. The importance of the magnetic contrast is that it can be used to investigate temperaturedependent behavior if the variation of the tensor components with temperature is small over the temperature range of interest. Equation (3) can be used with Eq. (5) or (6) in a simultaneous fitting procedure that relies on a common set of tensor components.
Magnetoelastic terms can, in principle, contribute to the denominator in Eq. (5) or (6) . However, such a contribution would also produce an acentric magnetization loop, which the use of type I extraction of McGilp et al. 10, 31 would reveal. No evidence of a significant magnetoelastic contribution was found for this material system. Finally, the shape of a ferromagnetic transition in the nth magnetic component is approximated by a simple Fermi-type function of the form
where
c is an effective Curie temperature, discussed in more detail below, and σ (n) measures the sharpness of the transition. The SNR for these measurements, using unamplified pulses, does not justify exploring critical behavior in the transition region in more detail.
IV. RESULTS AND DISCUSSION
Iron deposition on vicinal W(110), and subsequent annealing, produces Fe nanostripes a single atom thick by selfassembly at the steps. The width of the stripes increases with further deposition until the (110) terraces are fully covered. 13 This growth mode continues to about 2 ML, 32 but, at higher coverage, Stranski-Krastanov growth occurs, with large Fe islands being formed at least ten atomic layers thick on a pseudomorphic Fe monolayer. 33 Capping such Fe stripes and layers with Au at room temperature does not produce any interdiffusion or reaction. 16 The upper left panels of Figs. 1-3 show pairs of MSHG intensity data for ϕ ≈ 0
• and ϕ ≈ 90 • , after type II extraction, from the 0.25, 0.75, and 2.0 ML Fe structures at 80 K, together with fits using Eqs. (3) and (4) . The upper right panels show the temperature variation from 80 to 325 K, for ϕ ≈ 0
• , of the MSHG contrast of the saturated magnetization, and the simultaneous fit using Eqs. (5)- (7). The lower panels show the extracted curves, in each case, while the parameter values, with estimated errors, are presented in Table I . All the figures show that it is possible to extract a common set of parameters by simultaneously fitting the loops measured at 80 K and the temperature-dependent magnetic contrast, confirming that any temperature dependence of the tensor components is not significant under these experimental conditions.
Only a single magnetic component can be identified from the 0.25 ML Fe data in Fig. 1 . The data in Fig. 2 , however, clearly show two identifiable components for the 0.75 ML Fe structure. In Fig. 3 , the temperature dependence of the magnetic contrast indicates two components for the 2.0 ML Fe sample, and close inspection of the normalized hysteresis loops shows a small difference in the ϕ ≈ 0
• and ϕ ≈ 90
• response (Fig. 3, inset) . Normalizing the extracted loops produces identical results where only a single component is contributing, as can be seen from Eq. (3). A good simultaneous fit to the data of Fig. 3 can only be obtained if it is assumed that two components are contributing to the MSHG response. Regarding the relative phases of the magnetic terms, values of greater than 90
• are associated with the reversed loops of Figs. 1 and 2 . 31 For the 0.75 ML Fe sample, this has the additional consequence that the coherent contributions of the magnetic components partially destructively interfere, and thus the contrast increases when this contribution is switched off above T c for the second component (Fig. 2, right  column) .
The Fe atoms in submonolayer stripes have three different nearest-neighbor arrangements, corresponding to Fe stripe atoms at the inner W step, at the outer edge of the stripe, and within the main terrace component of the stripe. For Fe stripes grown on a bcc (110) surface, a significant difference in the magnetic response is expected between the Fe atoms within the stripe, which have four Fe nearest neighbors, and the Fe atoms at the boundaries (step and edge) of the stripe, which have three Fe nearest neighbors. 10 Indeed, (1) 24 (1) 7 (2) 30 (1) 20 (1) 
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9 (5) 19 (2) 17 (3) 14 (4) 10 ( magneto-optic Kerr effect (MOKE) studies of ferromagnetic films grown on vicinal and curved substrates showed that the presence of steps can induce an in-plane uniaxial anisotropy, 2 and that the dependence of the step-induced anisotropy strength on step density was consistent with a nearest-neighbor Néel pair-bonding model. 34, 35 A second example is the magnetic anisotropy of two-dimensional, submonolayer Co islands grown on Pt(111), which has been shown to be principally determined by the edge atoms, whose orbital moment is less quenched because of their reduced coordination. 36 Figures 2 and 3 show that two magnetic contributions can be identified for two of the samples. Table I gives T c values that can be compared with a previous detailed MOKE study of this 1.4
• vicinal W(110)/Fe system, capped with 6 ML Au. 16 Characteristic temperatures T s are given, which are the extrapolation to zero magnetization of the variation of the saturated magnetization with temperature. However, T s (or the effective T c used here) does not mark a critical phase transition in the spin block model of the stripes, which is discussed in more detail below. Equation (7) 16 with error estimates based on the scatter of the data. Given the approximations used in determining T s , these results are in reasonable agreement, except for the 0.25 ML Fe value. In this region, the T s values are beginning to decline as coverage is reduced, so a slightly lower value is expected. The H c values of 7(2) and 24(1) mT at 80 K for the two components of the 0.75 ML Fe structure in Table I agree quite well with the published value of 30 mT for the single component observed by MOKE for 0.7 ML Fe at 111 K. 16 Previous MSHG work reported a higher value of H c , which arose from the ambiguity in the relative sign of the phase of the two components that this temperature-dependent study removes. 10 The large temperature range over which the saturation magnetization reduces to zero is also consistent with the previous MOKE results.
The agreement of these data with previous MOKE results provides support for the analytical approach of the previous section. However, no direct evidence of a second component in the magnetic response at sub-ML coverage has been reported in detailed MOKE studies. 15, 16 MOKE measures the total response from the step, edge, and terrace atoms, 2 and, for this offcut and 0.75 ML coverage, boundary atoms will contribute only ∼5% of the signal. The MOKE response is expected to be dominated by the terrace magnetization for this low angle offcut at these coverages. In contrast, SHG can be disproportionately sensitive to step structure, 18 leading to the detection of boundary components of the magnetization.
Key evidence for this interpretation comes from the 2.0 ML Fe results in Fig. 3 , where two components are identified. The Fe bilayer film nominally has two interfaces, W/Fe and Fe/Au, but calculations for Fe bilayers on W(110) show that the extended character of the electronic wave functions produces significant magnetic interactions extending three atomic layers into the substrate. 37 The Fe bilayer is part of a single interfacial region, in contrast to higher coverages, where Stranski-Krastanov growth of large Fe islands at least ten atomic layers thick allows distinct contributions from W/Fe and Fe/Au interfaces to be detected. 10 RudermanKittel-Kasuya-Yosida (RKKY) indirect exchange coupling, mediated by the conduction electrons of the substrate or capping layer, must also be considered. However, it has been shown previously for this capped system that the effects of both dipolar and indirect exchange coupling between the stripes disappear, as expected, when the stripes overlap to form a contiguous film. 15 The much smaller size of the second component is consistent with a contribution from Fe atoms at the boundaries of the stripes, and the lower value of T c is expected, given the smaller number of exchange coupled neighbors of these boundary atoms. 38 The second component of the 0.75 ML sample also has a substantially lower value of T c , consistent with this interpretation. Previous work has identified only a small RKKY lateral interaction at this coverage. 15 A plausible explanation of the absence of evidence for a second magnetic component in the 0.25 ML sample is that T c for this component is below 100 K and gives no measurable MSHG contribution in the accessible temperature range.
The MOKE results provide indirect evidence of step and edge effects, however. A significant boundary correction is required in the plots of interface energy versus stripe width used to determine the domain-wall energy. The data are collected above 160 K and are interpreted in terms of spin blocks behaving as single giant moments, which are temperature-dependent via the varying length of the spin block. The magnetization within the spin block is smaller than the ground-state magnetization because of fluctuating single spins, particularly at the boundaries of the stripes, an interpretation supported by Monte Carlo simulations. 16 The most likely origin of the second MSHG component, which appears at much lower temperatures, is the boundary of the stripes, where the Fe atoms have fewer exchange-coupled nearest neighbors and different anisotropy energies compared to Fe atoms in the interior of the spin block. It is proposed that the spins are aligned at the boundaries below the lower characteristic temperature and that the alignment breaks up in a similar manner to that of the spin blocks as the temperature increases. Further experiments at lower temperatures and using amplified laser pulses should allow 5-30-atom-wide stripes to be explored in more detail. The use of different vicinal offcuts would also allow the RKKY lateral indirect exchange interactions in this coverage regime to be studied systematically.
V. CONCLUSION
MSHG offers the important diagnostic capability of exploiting the properties of the optical tensor components to identify different magnetization contributions from inhomogeneous interface structures, because the tensor components vary with the local atomic structure. Temperature-dependent MSHG studies of Fe nanostripes grown on vicinal W(110), capped with Au, have confirmed the presence of two components in the magnetic response from the Fe stripes at 0.75 ML coverage and the Fe bilayer at 2.0 ML coverage. Comparison with previous work leads to the conclusion that, in this temperature régime, the lower temperature component arises from spin alignment at the boundaries of spin blocks. The behavior of boundary spins such as these is expected to be important for atomic-scale magnetic structures, such as Co atomic wires grown on Pt(997). 39, 40 
